We use confocal microscopy to directly visualize the formation and complex morphologies of trapped non-wetting fluid ganglia within a model 3D porous medium. The wetting fluid continues to flow around the ganglia after they form; this flow is characterized by a capillary number, Ca.
I. INTRODUCTION
the largest ganglia start to become mobilized and removed from the medium. Both the size of the largest trapped ganglion, and the total amount of trapped non-wetting fluid, decrease with Ca. We do not observe significant effects of ganglion breakup in our experiments. By combining our 3D visualization with measurements of the bulk transport properties of the medium, we show that the variation of the ganglia configurations with Ca can instead be quantitatively understood using a mean-field model balancing the viscous forces exerted on the ganglia with the capillary forces that keep them trapped within the medium.
II. EXPERIMENTAL METHODOLOGY
We prepare model 3D porous media by lightly sintering dense, disordered packings of hydrophilic glass beads, with radii a = 19 ± 1 µm, in thin-walled square quartz capillaries of cross-sectional area A = 9 mm 2 . The packings have length L = 1 cm; they thus span approximately 78 or 263 pores transverse to or along the imposed flow direction, respectively.
Scattering of light from the surfaces of the beads typically precludes direct observation of the multiphase flow within the medium. We overcome this limitation by formulating Newtonian fluids whose compositions are carefully chosen to match their refractive indices with that of the glass beads [25] ; the wetting fluid is a mixture of 91.4 wt% dimethyl sulfoxide and 8.6 wt% water, dyed with fluorescein, while the non-wetting oil is a mixture of aromatic and aliphatic hydrocarbons (immersion liquid, Cargille, 5040). The dynamic viscosities of the wetting fluid and the oil are µ w = 2.7 mPa s and µ o = 16.8 mPa s, respectively, as measured using a stress-controlled rheometer. The densities of the wetting fluid and the oil are ρ w = 1.1 g cm −3 and ρ o = 0.83 g cm −3 , respectively. The two fluids are fully immiscible over the experimental timescale; the interfacial tension between them is γ = 13.0 mN m −1 , as measured using a du Noüy ring. The contact angle between the wetting fluid and glass in the presence of the oil is θ ≈ 5 • , as measured using confocal microscopy.
Prior to each experiment, a porous medium is evacuated under vacuum and saturated with gaseous CO 2 , which is soluble in the wetting fluid; this procedure eliminates the formation of trapped bubbles. We then saturate the pore space with the dyed wetting fluid; this enables us to visualize it in 3D using a confocal microscope, as schematized in Figure 1 (a). We acquire 3D stacks of 39 optical slices parallel to the xy plane, at z positions at least several bead diameters deep within the medium; the slices each span an area of 912 µm × 912 µm in only above vertical length scales comparable to that of the entire medium. We therefore neglect gravity from our subsequent theoretical analysis.
To visualize the dynamics of the fluid displacement during both primary drainage and secondary imbibition, we repeatedly acquire a series of optical slices, at a fixed z position several bead diameters deep within the medium, but at multiple xy locations spanning the entire length of the medium. This procedure thus enables us to directly visualize the multiphase flow, both at the scale of the individual pores and at the scale of the overall medium.
The secondary imbibition leads to the formation of discrete oil ganglia, many of which remain trapped within the pore space. To probe the ganglia configurations, we reacquire a second set of 3D stacks at the same x, y, and z positions as the stacks obtained during the initial characterization of the pore structure. By comparing the two sets of stacks, we obtain the 3D morphologies of the trapped oil ganglia at sub-pore resolution. We restrict our analysis to an area several beads away from each edge of the medium to minimize boundary effects. To explore the variation of the ganglia configurations with the imposed flow conditions, we increase Q w in increments. For each value of Q w , we flow > 13 pore volumes of the wetting fluid, thus establishing a new steady state, before reacquiring an additional set of 3D stacks. By again comparing each set of stacks with that obtained during the initial pore structure characterization, we obtain the 3D morphologies of the oil ganglia left trapped at each Ca.
To quantify the bulk transport behavior, we use differential pressure sensors to measure the pressure drop ∆P across a porous medium constructed in a manner similar to that used for the 3D visualization. We first saturate the medium with the wetting fluid and vary Q w ; by measuring the proportionate variation in ∆P , we determine the single-phase permeability of
The permeability of a disordered packing of monodisperse spheres is typically estimated using the Kozeny-Carman relation, k = 1 45
[26]; this yields k = 1.59 µm 2 , in excellent agreement with our measured value. We then flow the oil, and reflow the wetting fluid, through the porous medium, following the same procedure as that used for the 3D visualization. The oil trapped after secondary imbibition occludes some of the pore space, modifying the flow through it; this reduces the wetting fluid permeability to a value κk, where κ ≤ 1 is known as the end-point relative permeability. For each Ca investigated, we flow > 13 pore volumes of the wetting fluid at its corresponding Q w , and then measure ∆P at Q w = 10 −1 mL h −1 . Comparing ∆P with that measured during single-phase flow at Q w = 10 −1 mL h −1 directly yields κ.
III. RESULTS AND DISCUSSION

A. Dynamics of multiphase flow
To mimic the migration of a non-wetting fluid into a geological formation, we first drain the 3D porous medium, initially saturated with the dyed wetting fluid, with the undyed non-wetting oil at Q o = 1 mL h −1 . The oil displaces the wetting fluid through a series of intermittent, abrupt bursts into the pores; this indicates that a threshold capillary pressure difference must build up in the oil before it can invade a pore [27, 28] . This pressure is
given by 2γ cos θ/a t , where a t ≈ 0.16a is the typical radius of a pore entrance [5, [29] [30] [31] [32] [33] [34] [35] [36] .
Because the packing of the beads is disordered, a t varies from pore to pore, forcing the path taken by the invading oil to similarly vary spatially, as exemplified by the optical it bypasses many of the pores, leaving discrete oil ganglia of varying sizes in its wake. Many of these ganglia remain trapped within the pore space, as indicated in Figure 2(b) .
B. Trapped oil ganglia configurations
We use our confocal micrographs to measure the total amount of oil trapped within the porous medium; this is quantified by the residual oil saturation, S or ≡ V o /φV , where V o is the total volume of oil imaged within a region of volume V . After secondary imbibition at Ca = 6.4 × 10 −7 , we find S or ≈ 9%, similar to the results of some previous experiments on bead packs [14] . To mimic discontinuous core-flood experiments on reservoir rocks, we then explore the variation of S or in response to progressive increases in the wetting fluid Ca. We find that S or does not vary significantly for sufficiently small Ca; however, as Ca is increased . Moreover, we find that the largest trapped ganglion has a length L max ≈ 13 bead diameters [arrow in Figure 5 ]; while we cannot exclude the influence of boundary effects or the limited imaging volume, this value is in good agreement with the prediction of percolation theory incorporating a non-zero viscous pressure: L max ≈ α(a 2 Ca/κk) −ν/(1+ν) ≈ 9α bead diameters, where ν ≈ 0.88 is a scaling exponent obtained from numerical simulations [60] , α is a constant of order unity, and we use the value of κ measured at the lowest Ca [60, 61] . Taken together, these results suggest that the configurations of the ganglia left trapped after secondary imbibition are consistent with the predictions of percolation theory.
As Ca increases, we do not observe significant effects of ganglia breakup; this observation is contrary to some previous suggestions [16] , and confirms the predictions of other numerical simulations [20, 62] . Instead, the ganglia configurations remain the same for all Ca < 2×10 −4
[•, , and × in Figure 5 ]. Moreover, we find that the largest ganglia start to become mobilized and removed from the porous medium, concomitant with the observed decrease in S or , once Ca increases above 2 × 10 −4 [ Figure 5 ]. We quantify this behavior by plotting the variation of L max with Ca. While L max remains constant at small Ca, it decreases precipitously as Ca increases above 2×10 −4 , as shown by the circles in Figure 6 . Remarkably, this behavior closely mimics the observed variation of S or with Ca [ Figure 3 ]. These results thus suggest that the variation of S or with increasing Ca is not determined by the breakup of the trapped ganglia; instead, it may reflect the mobilization and removal of the largest ganglia from the medium.
C. Physics of ganglion mobilization
To test this hypothesis, we analyze the distribution of pressures in the wetting fluid as it flows through the porous medium. Motivated by previous studies of this flow [12, 18, 63, 64] , we make the mean-field assumption that the viscous pressure drop across a ganglion of length L is given by Darcy's law, The end-point relative permeability κ ≤ 1 quantifies the modified transport through the medium due to the presence of the trapped oil. To determine P v at each Ca investigated, we directly measure the variation of κ with Ca for a porous medium constructed in a manner similar to, and following the same flow procedure as, that used for visualization of the ganglia configurations. Interestingly, κ does not vary significantly for sufficiently small Ca; however, as Ca increases above 2×10 −4 , κ quickly increases, concomitant with the observed decreased in S or , as shown in Figure 7 . This observation suggests that the bulk transport behavior of the medium depends strongly on the trapping of oil within it. To quantify the close link between the variation of κ and S or with Ca [14], we plot κ as a function of the wetting fluid saturation, 1 − S or . Consistent with our expectation [65] , we find that κ increases monotonically with increasing wetting fluid saturation, as shown in Figure 8 .
For a ganglion to squeeze through the pores of the medium, it must simultaneously displace the wetting fluid from a downstream pore, and be displaced by the wetting fluid from an upstream pore. To displace the wetting fluid from a downstream pore, a threshold capillary pressure must build up at the pore entrance, as schematized by the right set of arrows in Figure 9 ; this threshold is given by P t = 2γ cos θ/a t , where a t is the radius of the pore entrance [6, [29] [30] [31] [32] [33] [34] , with an average value ≈ 0.16a for a 3D packing of glass beads [35, 36] . Similarly, for the trapped oil to be displaced from an upstream pore, the capillary pressure within the pore must fall below a threshold, as schematized by the left set of arrows in Figure 9 ; this threshold is given by P b = 2γ cos θ/a b , where a b is instead the radius of the pore itself, with an average value ≈ 0.24a [35, 36] . Thus, to mobilize a ganglion and ultimately remove it from the porous medium, the total viscous pressure drop across it must exceed a capillary pressure threshold,
Balancing Eqs. (1) and (2), we therefore expect that [66] , at a given Ca, the smallest ganglia remain trapped within the medium, while the viscous pressure in the wetting fluid is sufficiently large to mobilize all ganglia larger than
To critically test this prediction, we compare the variation of both L max , directly measured using confocal microscopy, and L * , calculated using the measured values of θ, k, and κ, with Ca. For small Ca, we find L max < L * , as shown by the first three points in Figure 6 ; this indicates that the viscous pressure in the wetting fluid is too small to mobilize any ganglia. Consequently, S or does not vary significantly for this range of Ca, consistent with the measurements shown in Figure 3 . As Ca increases, L max remains constant; however, L * steadily decreases, eventually becoming comparable to L max at Ca ≈ 2 × 10 −4 , shown by the dashed line in Figure 6 . Strikingly, as Ca increases above this value, we find that both L max and L * decrease in a similar manner, with L max ≈ 2.5L * ; this indicates that the viscous pressure in the wetting fluid is sufficient to mobilize and remove more and more of the largest ganglia. Consequently, we expect S or to also decrease with Ca in this range, in excellent agreement with our measurements [ Figure 3 ]. The similarity in the variation of L max and S or with Ca, and the close agreement between our measured L max and the predicted L * for Ca > 2 × 10 −4 , thus confirm that the reduction in S or reflects the mobilization of the largest ganglia. Finally, we note that, due to the concomitant variation of the wetting fluid permeability with Ca, the measured L max does not decrease as Ca −1 [solid line in Figure 6 ]; this is in contradiction to results obtained for an isolated ganglion [18] , for which the permeability is a constant, which are often assumed to also apply to a population of many ganglia.
IV. CONCLUSIONS
Using confocal microscopy, we directly visualize the dynamics of primary drainage and secondary imbibition, as well as the intricate morphologies of the resultant trapped nonwetting fluid ganglia, within a 3D porous medium, at pore-scale resolution. During imbibition, the wetting fluid first flows through thin layers coating the solid surfaces, snapping off the non-wetting fluid in crevices throughout the medium. It then displaces the non-wetting fluid from the pores of the medium through a series of intermittent, abrupt bursts, starting from the inlet, leaving ganglia of the non-wetting fluid in its wake. These vary widely in their sizes and shapes, consistent with the predictions of percolation theory. We do not observe significant effects of ganglion breakup, contrary to some previous suggestions. Instead, for small Ca, the ganglia configurations do not appreciably change; this likely reflects the fact that the ganglia sizes, and hence the viscous pressure drops across them, are limited, consistent with the predictions of percolation theory incorporating a non-zero viscous pressure gradient. However, as Ca is increased above a threshold value, more and more of the largest ganglia become mobilized and removed from the medium. By coupling the 3D visualization and bulk transport measurement, we show that the variation of the ganglia configurations can be understood by balancing the viscous forces exerted on the ganglia with the pore-scale capillary forces that keep them trapped within the medium. This work thus helps elucidate the fluid dynamics underlying the mobilization of a trapped non-wetting fluid from a 3D porous medium.
Our results provide direct visualization of the multiphase flow and the ganglia configurations within a 3D porous medium; moreover, they highlight the applicability of mean-field ideas in understanding the mobilization of the trapped non-wetting fluid. This work may thus help guide theoretical models or numerical simulations (e.g. [67, 68] ). Moreover, because many geophysical flows give rise to residual trapping, we expect that our work will be relevant to a number of important applications, including enhancing oil recovery, understanding the distribution of contaminants in groundwater aquifers, or the storage of CO 2 in sub-surface formations. 
